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HIGHLIGHTS 


►  New  trialkylimidazolium  ILs  are  used  as  electrolytes  for  lithium  battery. 

►  Ether  group  in  IL  cation  can  have  effect  on  properties  of  IL  electrolyte. 

►  Li/LiFeP04  cells  using  these  IL  electrolytes  have  good  electrochemical  performance. 
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Six  low-viscosity  ionic  liquids  based  on  trialkylimidazolium  cation  with  one  or  two  ether  groups  and 
TFSA~  anion  are  used  as  new  electrolytes  for  lithium  battery,  and  compared  with  three  typical  tri¬ 
alkylimidazolium  ILs  without  ether  group.  It  is  found  that  ether  group  in  trialkylimidazolium  cation  can 
have  an  obvious  effect  on  properties  of  electrolyte  and  performances  of  lithium  battery.  Introducing  of 
ether  group  into  trialkylimidazolium  cation  can  be  benefit  for  lithium  redox  behavior  on  Ni  electrode, 
and  affect  passivation  layer  between  IL  electrolyte  and  lithium  metal.  Li/LiFePO,*  cells  using  these  ether- 
functionalized  IL  electrolytes  without  additive  have  good  battery  performance,  and  IM(2ol)l(2o2)-TFSA 
electrolyte  owns  better  rate  property. 

©  2012  Elsevier  B.V.  All  rights  reserved. 


1.  Introduction 

Over  the  past  decade,  ionic  liquids  (ILs)  have  attracted  growing 
interests  as  safe  electrolytes  for  lithium  battery,  due  to  their 
negligible  vapor  pressure,  non-flammability,  good  thermal  and 
electrochemical  stability,  and  high  conductivity  [1—3],  For  example, 
quaternary  ammonium,  pyrrolidinium,  piperidinium,  phospho- 
nium  and  guanidinium  ILs  have  been  reported  as  new  electrolytes 
for  lithium  battery  [4-17], 

1,3-dialkylimidazolium  ILs  are  most  widely  studied  ILs  for 
different  applications,  especially  1 -ethyl-3 -methylimidazolium  ILs, 
due  to  easy  preparation  and  low  viscosity  [3,18,19],  However,  the 
presence  of  an  active  hydrogen  at  the  C-2  position  of  1,3- 
dialkylimidazolium  ring  can  cause  the  problem  of  electrochemical 
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instability,  which  restricts  the  usage  in  lithium  battery  [20—22],  1,2,3- 
trialkylimidazolium  ILs  are  acquired  after  substituting  the  hydrogen 
at  the  C-2  position  in  1,3-dialkylimidazolium  ring  by  an  alkyl  group, 
and  the  electrochemical  stabilities  can  be  improved  obviously,  which 
makes  these  ILs  to  become  very  attractive  electrolytes  for  lithium 
battery,  though  their  viscosities  increase  slightly  with  the  increasing 
of  cation  size.  And  l,2-dimethyl-3-propylimidazolium  bis(tri- 
fluoromethanesulfonyl )imide  (IM113-TFSA)  and  l,2-dimethyl-3- 
amylimidazolium  bis(trifluoromethanesulfonyl)imide  (IM115-TFSA) 
have  been  applied  as  IL  electrolytes  for  lithium  battery  [23—25], 
Currently,  functionalized  IL  is  a  very  noticeable  topic  in  the  field  of 
IL  research.  Introducing  different  functional  groups,  such  as  amine, 
amide,  nitrile,  ether,  alcohol,  ester  functionalities  into  IL  cations,  the 
physicochemical  and  electrochemical  properties  of  ILs  can  be 
observably  tuned,  and  providing  more  choices  for  applications  of  ILs 
[26—35],  In  comparison  to  other  functional  groups,  ether  group  can 
reduce  the  viscosities  and  melting  points  of  ILs  without  resulting  the 
obvious  degradation  of  electrochemical  stability  [33-37],  One  ether 
group  has  already  been  introduced  into  imidazolium,  quaternary 
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Cation  Anion 

r2 


Abbreviation 


R i  — R-2=CH3 ,  R3=CH2CH3  IM1 12-TFSA 

R1=R2=CH3,  R3=CH2CH2CH3  IM1 13-TFSA 

R1=R2=CH3,  R3=CH2CH2CH2CH3  IM1 14-TFSA 

Rj=CH2CH3,  R2=CH3,  R3=CH2CH2OCH3  IM(2ol)12-TFSA 

R!=CH2CH3,  R2=CH3,  R3=CH2CH2OCH,CH3  IM(2o2)12-TFSA 

Rt=CH3,  R2=CH2CH3,  R3=CH2CH2OCH3  IM(2ol)21-TFSA 

R!=CH3,  R2=CH2CH3,  R3=CH2CH2OCH2CH3  IM(2o2)2  1  -TFSA 

R1=CH2CH20CH3,  R2=CH3,  R3=CH2CH2OCH2CH3  IM(2o  1)  1  (2o2)-TFSA 
R1=CH2CH2OCFI2CFI3,  R2=CH3,  R3=CH2CH2OCH2CH3  IM(2o2)  1  (2o2)-TFS A 

Fig.  1.  Structures  of  ether-functionalized  trialkylimidazolium  ILs  and  trialkylimidazolium  ILs  without  ether  group  used  in  this  study. 


ammonium  and  phosphonium,  pyrrolidinium,  piperidinium,  mor- 
pholinium,  guanidinium,  sulfonium  and  pyrazolium  cations  [38- 
45],  Some  electrolytes  for  lithium  battery  have  been  found 
from  these  ILs  with  one  ether  group,  such  as  NJV-diethyl-N-methyl- 
N-(2-methoxyethyl)  ammonium  bis(trifluoromethanesulfonyl) 
imide  (DEME-TFSA),  N-methoxyethyl-N-methylpyrrolidinium  TFSA 
(PYl(2ol)-TFSA),  triethyl(2-methoxyethyl)  phosphonium  TFSA 
(P222(2ol  )-TFSA)  and  N-methyl-N-(2-methoxyethyl)-tetrame- 
thylguanidinium  TFSA  (lgl(2ol)-TFSA)  [46—52],  Recently,  several 
kinds  of  ILs  based  on  cations  with  two  or  more  ether  groups  have  also 
been  reported,  and  some  pyrrolidinium,  piperidinium  and  guanidi¬ 
nium  ILs  with  two  ether  groups,  and  quaternary  ammonium  ILs  with 
three  or  more  ether  groups  have  also  been  applied  as  electrolytes  for 
lithium  battery  [53—57], 

Recently,  our  group  has  synthesized  a  series  of  ILs  based  on 
trialkylimidazolium  cations  with  one  or  two  ether  groups  and 
TFSA-  anion,  and  some  of  these  ILs  had  low  viscosity  [58],  In  the 
present  study,  six  ether-functionalized  trialkylimidazolium  ILs  with 
viscosity  lower  than  75  cP  were  chosen  as  new  electrolytes  for 
lithium  battery,  and  compared  with  three  typical  tri¬ 
alkylimidazolium  ILs  without  ether  group.  And  the  structures  of 
these  ILs  were  shown  in  Fig.  1.  Viscosity,  conductivity,  behavior  of 
lithium  redox,  chemical  stability  against  lithium  metal,  and 


Table  1 

Viscosity  and  conductivity  of  the  nine  ILs  without  and  with  0.6  mol  kg-1  of  LiTFSA  at 
25  °C. 


ILs 


without  LiTFSA 


Viscosity  Conductivity 
[58]/  [58]/mS  cm-1 


IM1 12-TFSA  84.6 

IM1 13-TFSA  61.1 

IM1 14-TFSA  89.7 

IM(2ol)12-TFSA  57.4 

IM(2o2)12-TFSA  54.4 

IM(2ol)21-TFSA  67.2 

IM(2o2)21-TFSA  71.6 


IM(2ol)l(2o2)-TFSA  62.5 
IM(2o2)l(2o2)-TFSA  70.2 


2.75 

3.99 

2.22 

3.03 

2.70 

2.06 

2.27 

1.84 

1.62 


Viscosity/  Conductivity/ 
mPa  s  mS  cm”1 


195.1  1.24 

157.5  1.84 

223.4  0.95 

132.5  1.32 

129.1  1.28 

191.6  0.77 

197.5  0.84 

198.8  0.80 

205.8  0.70 


T/K 


T/K 


Fig.  2.  Change  of  (a)  viscosity  and  (b)  conductivity  with  temperature  for  these  IL 
electrolytes. 
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Table  2 

VTF  equation  parameters  of  viscosity  for  the  IL  electrolytes. 


IL  electrolytes  Vn  (mPa  s)  B  (K)  T0  (K)  R2 


IM112-TFSA 

IM113-TFSA 

IM114-TFSA 

IM(2ol)12-TFSA 

IM(2o2)12-TFSA 

IM(2ol)21-TFSA 

IM(2o2)21-TFSA 

IM(2ol)l(2o2)-TFSA 

IM(2o2)l(2o2)-TFSA 


0.100  (±15%) 
0.256  (±12%) 
0.116  (±8%) 
0.276  (±9%) 
0.297  (±8%) 
0.193  (±10%) 
0.168  (±11%) 
0.108  (±12%) 
0.089  (±14%) 


895.2  (±5%) 

670.5  (±6%) 

850.6  (±2%) 

654.8  (±3%) 

646.5  (±2%) 
682.4  (±4%) 

741.9  (±4%) 
807.8  (±4%) 

1018.5  (±5%) 


179.9  (±2%) 

193.8  (±1%) 

185.8  (±1%) 

203.6  (±1%) 

205.7  (±1%) 
199.2  (±1%) 
193.1  (±1%) 
190.6  (±1%) 
176.0  (±1%) 


0.999 

0.999 

0.999 

0.999 

0.999 

0.999 

0.999 

0.999 

0.999 


The  percentage  standard  errors  for  i)0,  B  and  T0  have  been  included,  and  R2  is  the  VTF 
fitting  coefficient. 


charge-discharge  characteristics  of  lithium  batteries,  were  inves¬ 
tigated  for  these  IL  electrolytes,  and  it  was  found  that  ether  group  in 
trialkyl imidazolium  cation  could  have  an  obvious  effect  on  the 
properties  of  electrolyte  and  the  performances  of  lithium  battery. 


—  IM(2o1)12TFSA 
--  IM(2o1)1(2o2)TFSA 


2.  Experimental 

The  structures  of  six  ether-functionalized  trialkylimidazolium 
ILs  and  three  trialkylimidazolium  ILs  without  ether  group  used  in 
this  study  were  shown  in  Fig.  1,  and  the  nine  ILs  were  prepared 
according  to  the  our  reported  methods  [58],  These  ILs  were  dried 
under  high  vacuum  for  more  than  48  h  at  105  °C  before  using.  The 
water  content  of  the  dried  ILs  was  detected  by  a  moisture  titrator 
(Metrohm  73  KF  coulometer)  basing  on  Karl-Fischer  method,  and 
the  value  was  bellow  50  ppm.  Then  0.6  mol  kg  1  of  LiTFSA  (kindly 
provided  by  Morita  Chemical  Industries  Co..  Ltd.),  were  added  to 
the  dried  ILs.  And  this  procedure  was  carried  out  in  an  argon-filled 
glove  box  ([O2]  <  1  ppm,  [H2O]  <  1  ppm). 

The  viscosities  of  IL  electrolytes  were  tested  with  viscometer 
(DV-III  ULTRA,  Brookfield  Engineering  Laboratories,  Inc.),  and  the 
conductivities  were  got  from  DDS-11A  conductivity  meter.  The 
electrochemical  windows  of  the  ILs  were  tested  by  linear  sweep 
voltammograms  (LSV,  scan  rate  10  mV  s_1)  in  glove  box.  The 
working  electrode  was  glassy  carbon  disk  (3  mm  diameter),  and 
lithium  metal  was  used  as  both  counter  and  reference  electrodes. 
The  glassy  carbon  electrode  was  polished  with  alumina  paste 
(d  -  0.1  pm),  and  the  polished  electrode  was  washed  with  deion¬ 
ized  water  and  dried  under  vacuum.  The  LSV  tests  were  performed 
by  CHI660D  electrochemistry  workstation  at  room  temperature. 

The  stability  of  the  IL  electrolytes  against  lithium  metal  at  room 
temperature  was  investigated  by  monitoring  the  time  evolution  of 
the  impedance  response  for  a  symmetric  Li/IL  electrolyte/Li  coin 
cell  with  the  borosilicate  glass  separator  (GF/A,  Whatman),  and  the 
impedance  responses  were  measured  by  using  CHI660D  electro¬ 
chemistry  workstation  (100  KHz— 100  mHz;  applied  voltage  5  mV). 

The  plating  and  stripping  behaviors  of  lithium  in  the  IL  elec¬ 
trolytes  was  determined  by  using  cyclic  voltammograms  (CV,  scan 


Fig.  3.  Linear  sweep  voltammograms  of  IM(2ol)12TFSA  and  IM(2ol)l(2o2)TFSA  at 
25  °C.  Working  electrode:  glassy  carbon,  counter  electrode:  Li,  reference  electrode:  Li, 
scan  rate:  10  mV  s  ! 

rate  10  mV  s-1)  method  in  the  glove  box.  The  nickel  disk  (2  mm 
diameter)  was  used  as  the  working  electrode  and  lithium  metal  was 
used  as  both  counter  and  reference  electrodes.  The  nickel  electrode 
was  polished  in  the  usage  of  alumina  paste  (d  =  0.1  pm).  And  the  Ni 
electrode  was  washed  by  deionized  water  then  dried  under 
vacuum.  The  CV  tests  were  performed  by  CHI660D  electrochem¬ 
istry  workstation  at  room  temperature  (25  °C). 

Li/LiFeP04  coin  cell  was  used  to  evaluate  the  performances  of 
the  IL  electrolytes  in  lithium  battery  applications.  Lithium  foil 
(battery  grade)  was  used  as  a  negative  electrode  and  the  positive 
electrode  was  fabricated  by  spreading  the  mixture  of  LiFePO^ 
acetylene  black  and  PVDF  (firstly  dissolved  in  N-methyl-N-2- 
pyrrolidone)  with  a  weight  ratio  of  8:1:1  on  aluminum  current 
collector  (battery  use).  Loading  of  active  materials  was  about  ca. 
1.5— 2.0  mg  cm-2  and  this  electrode  was  used  without  pressing.  The 
separator  was  glass  filter  made  of  borosilicate  glass  (GF/A,  What¬ 
man).  Cell  was  assembled  in  the  glove  box,  and  all  the  components 
of  cell  were  dried  under  vacuum  before  using.  Cell  performances 
were  examined  by  the  charge— discharge  (C— D)  cycling  tests  using 
a  CT2001A  cell  test  instrument  (LAND  Electronic  Co.,  Ltd.)  at  25  °C 
and  at  different  current  rates  (0.1  C-2.5  C),  current  was  determined 
by  the  theoretical  capacity  of  170  mAh  g-1  for  Li/LiFePCU  cell.  The 
cells  were  sealed  and  then  stayed  at  room  temperature  for  4  h 


Table  4 

Cathodic  and  anodic  limiting  potentials  (versus  Li/Li+)  and  electrochemical  windows 
of  various  ILs  determined  at  25  °C. 


ILs 

Table  3 

VTF  equation  parameters  of  conductivity  for  the  IL  electrolytes. 

IL  electrolytes  <t0  (mS  cm1)  B  (K)  T0(K)  R2 


Cathodic  Anodic  Electrochemical 

limiting  potential  limiting  potential  window  (V) 

E  versus  E  versus 

(Li/Li+)/V (Li/Li+)/V 


IM112-TFSA 

IM113-TFSA 

IM114-TFSA 

IM(2ol)12-TFSA 

IM(2o2)12-TFSA 

IM(2ol)21-TFSA 

IM(2o2)21  -TFSA 

IM(2ol)l(2o2)-TFSA 

IM(2o2)l(2o2)-TFSA 


541.6  (±11%) 

491.7  (±13%) 

414.4  (±5%) 
347.6  (±9%) 

307.5  (±7%) 

272.4  (±7%) 

354.5  (±4%) 
368.2  (±13%) 

229.6  (±5%) 


688.7  (±5%) 
647.0  (±6%) 

636.7  (±2%) 

631.8  (±3%) 

617.3  (±2%) 
554.2  (±3%) 

643.9  (±2%) 

686.4  (±5%) 

539.9  (±3%) 


184.9  (±2%)  0.999 

182.4  (±2%)  0.999 

193.4  (±1%)  0.999 

196.2  (±1%)  0.999 

209.1  (±1%)  0.999 

203.0  (±1%)  0.999 

191.9  (±1%)  0.999 

186.1  (±2%)  0.999 

205.2  (±1%)  0.999 


IM112-TFSA  0.3 

IM113-TFSA  0.3 

IM114-TFSA  0.2 

IM(2ol  )12-TFSA  0.4 

IM(2o2)12-TFSA  0.5 

IM(2ol)21-TFSA  0.6 

IM(2o2)21-TFSA  0.5 


IM(2ol  )l(2o2)-TFSA  0.6 
IM(2o2)l(2o2)-TFSA  0.5 


The  percentage  standard  i 
fitting  coefficient. 


Working  electrode:  glassy  carbon,  counter  electrode:  Li,  reference  electrode:  Li,  scan 
rate:  10  mV  s_I,  cut-off  current  density:  0.2  mA  cm2. 


I R2  is  the  VTF 
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before  the  performance  tests.  Constant  current  charge— discharge 
cycles  were  conducted  between  2.0  and  4.0  V  (vs.  Li/U+). 
Charging  included  two  processes:  (1)  constant  current  at  a  rate, 
cut-off  voltage  of  4.0  V;  (2)  constant  voltage  at  4.0  V,  held  for  1  h. 
And  discharging  had  one  process:  constant  current  at  the  same 
rate,  cut-off  voltage  of  2.0  V. 

3.  Results  and  discussion 

3.1.  Viscosity  and  conductivity  of  the  IL  electrolytes 

The  viscosities  and  conductivities  at  room  temperature  of  the 
nine  trialkylimidazolium  ILs  and  their  IL  electrolytes  with 


0.6  mol  kg-1  LiTFSA  are  listed  in  Table  1.  Among  the  three  tri¬ 
alkylimidazolium  ILs  without  ether  group,  IM113TFSA  owned  the 
lowest  viscosity  of  61.1  mPa  s.  The  viscosities  of  the  six  ether- 
functionalized  trialkylimidazolium  ILs  in  this  study  were  in  the 
range  of  54.4—71.6  mPa  s,  and  they  could  also  belong  to  low- 
viscosity  ILs.  Compared  with  the  other  ILs,  which  had  been  used 
in  lithium  battery  without  additive,  the  viscosities  of  these  ether- 
functionalized  ILs  were  slightly  higher  than  the  EMI-FSA  (bis(- 
fluorosulfonyl)imide)  and  P13-FSA,  and  obviously  lower  than  PP13- 
TFSA,  DEME-TFSA  and  several  other  quaternary  ammonium-based 
ILs  [6,7,59], 

After  lithium  salt  dissolved  in  the  IL,  the  lithium  ion  with  the 
higher  positive  charge  density  compared  with  the  cation  of  IL 


0.2 

0.0 

■  i 

< 

E  -0.2 

-  /  - Cycle  1 

04 

/  - Cycle  3 

Cycle  5 

-0.5  0.0  0.5  1.0  1.5  2.0  2.5 

Potential  /  V  vs  Li/Li+ 


Fig.  4.  Cyclic  voltammograms  of  these  IL  electrolytes  at  25  °C  (-0.5  V-2.5  V  versus  Li/Li+).  (a)  IM112-TFSA  electrolyte,  (b)  IM113-TFSA  electrolyte,  (c)  IM114-TFSA  electrolyte,  (d) 
IM(2ol)12-TFSA  electrolyte,  (e)  IM(2o2)12-TFSA  electrolyte,  (f)  IM(2ol)21-TFSA  electrolyte,  (g)  IM(2o2)21-TFSA  electrolyte,  (h)  IM(2ol )l(2o2)-TFSA  electrolyte,  (i)  IM(2o2)l(2o2)- 
TFSA  electrolyte.  Working  electrode,  Ni;  counter  electrode,  Li;  reference  electrode,  Li;  scan  rate,  10  mV  s_1. 
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would  form  ionic  clusters  with  anions,  which  would  result  in 
stronger  electrostatic  interactions  among  the  ionic  species  in  the  IL 
electrolyte  and  higher  viscosity  [60-62],  Like  some  other  ILs,  such 
as  quaternary  ammonium  ILs,  pyrrolidinium  and  piperidinium  ILs 
[48,63,64],  the  viscosity  of  these  trialkylimidazolium  IL  electrolytes 
increased  obviously  after  adding  the  LiTFSA  salt  into  the  ILs. 
Usually,  if  the  ILs  own  lower  viscosity,  their  IL  electrolytes  also 
show  smaller  value  of  viscosity.  For  example,  for  the  three  tri¬ 
alkylimidazolium  ILs  without  ether  group,  the  IL  viscosity  increased 
as  followed:  IM113-TFSA  (61.1  mPa  s)  <  IM112-TFSA 
(84.6  mPa  s)  <  IM114-TFSA  (89.7  mPa  s),  and  their  IL  electrolyte 
viscosity  increasing  order  was  IM113-TFSA  electrolyte 
(157.5  mPa  s)  <  IM112-TFSA  electrolyte  (195.1  mPa  s)  <IM114-TFSA 
electrolyte  (223.4  mPa  s).  However,  for  the  six  ether-functionalized 
ILs,  the  viscosity  increasing  order  of  these  IL  electrolytes  was  not 
consistent  with  the  pure  ILs.  For  instance,  the  viscosity  of  IM(2ol) 
l(2o2)-TFSA  (62.5  mPa  s)  was  lower  than  IM(2ol)21-TFSA 
(67.2  mPa  s),  and  the  viscosity  of  IM(2ol)l(2o2)-TFSA  electrolyte 
(198.8  mPa  s)  was  higher  than  IM(2ol)21-TFSA  electrolyte 
(191.6  mPa  s).  It  indicated  that  two  ether  groups  in  tri¬ 
alkylimidazolium  cation  could  cause  the  more  obvious  increasing 
of  viscosity  for  IL  electrolyte. 

The  temperature  dependence  of  viscosity  was  investigated  for 
all  the  nine  IL  electrolytes  over  the  temperature  range  25-80  °C, 
as  shown  in  Fig.  2(a),  and  the  r/(T)  behavior  was  fitted  by 
a  Vogel— Tammann— Fulcher  (VTF)  Equation  (1): 

'  -  ’»exp(r^7b)  <’) 

where  rj0  (mPa  s),  B  (K)  and  T0  (K)  are  adjustable  parameters.  The 
resultant  best-fit  ijo  (mPa  s),  B  (K)  and  To  (K)  parameters  for  all  the  IL 
electrolytes  are  given  in  Table  2  along  with  the  corresponding 
fitting  coefficient  R2  values.  According  to  Fig.  2(a)  and  the  values  of 
R2  in  Table  2,  the  viscosity  of  these  IL  electrolytes  were  well  fitted  by 
the  VTF  model  over  the  temperature  range  studied.  For  IM112- 
TFSA,  IM113-TFSA  and  IM114-TFSA  electrolytes,  the  three  parame¬ 
ters  did  not  show  direct  relationship  with  their  viscosities  at  room 
temperature.  For  the  six  ether-functionalized  trialkylimidazolium 
IL  electrolytes,  the  IL  electrolyte  with  higher  viscosity  at  room 
temperature  owned  bigger  B  value,  smaller  ij0  and  smaller  T0 
values. 

After  adding  lithium  salts  into  these  trialkylimidazolium  ILs,  the 
conductivities  decreased  obviously  along  with  the  increasing  of 
viscosities.  In  the  nine  trialkylimidazolium  IL  electrolytes,  IM113- 
TFSA  electrolyte  owned  the  highest  conductivity  of  1.84  mS  cm-1. 
For  the  ether-functionalized  IL  electrolytes,  two  IL  electrolytes  had 
conductivity  values  higher  than  1  mS  cm1,  and  IM(2ol  )12-TFSA 
electrolyte  had  the  higher  conductivity  of  1.32  mS  cm-1. 

Likewise,  the  temperature  dependence  of  conductivity  was  also 
investigated  for  all  the  nine  IL  electrolytes  over  the  temperature 
range  25-80  °C,  as  shown  in  Fig.  2(b),  and  the  <r(T)  behavior  was 
fitted  by  a  VTF  Equation  (2): 

a  =  aoexp{r^o)  (2) 

where  oq  (mS  cm-1),  B  (K)  and  To  (K)  are  adjustable  parameters  of 
Equation  (2).  These  three  values  and  the  VTF  fitting  coefficient  (R2) 
for  them  were  calculated  and  listed  in  Table  3.  The  temperature 
dependence  of  conductivity  was  also  very  well  fitted  by  the  VTF 
model  over  the  temperature  range  studied.  And  the  oq,  B  and  Tq 
values  did  not  show  apparent  relationship  with  their  conductivities 
at  room  temperature  for  these  nine  IL  electrolytes. 


3.2.  Electrochemical  windows  of  these  ILs  and  lithium  redox  in 
these  IL  electrolytes 

The  electrochemical  stabilities  of  these  trialkylimidazolium  ILs 
were  investigated  by  linear  sweep  voltammograms  (LSV)  using 
lithium  metal  as  reference  and  counter  electrode.  And  the  LSV 
curves  of  two  ILs  at  25  °C  are  shown  as  examples  in  Fig.  3.  The 
cathodic  limiting  potentials  of  IM(2ol  )12-TFSA  and  IM(2ol  )l(2o2)- 
TFSA  were  0.4  V  and  0.6  V  versus  Li/Li+,  and  their  anodic  limiting 
potentials  were  about  4.9  V  and  5.2  V  versus  Li/Li+,  so  the  elec¬ 
trochemical  window  were  4.5  V  and  4.6  V  respectively.  The 
cathodic  limiting  potentials,  anodic  limiting  potentials  and  elec¬ 
trochemical  windows  of  these  ILs  are  listed  in  Table  4.  As  already 
reported,  introducing  one  or  more  ether  groups  into  the  cations  of 
quaternary  ammonium  and  cyclic  quaternary  ammonium  ILs  could 
reduce  the  electrochemical  stability  [33,34],  It  could  also  be 
found  that  the  electrochemical  windows  of  ether-functionalized 
trialkylimidazolium  ILs  were  slightly  lower  than  the  tri¬ 
alkylimidazolium  ILs  without  ether  group. 

According  to  the  cathodic  limiting  potentials  of  these  tri¬ 
alkylimidazolium  ILs,  which  were  higher  than  0  V  versus  Li/Li+,  it 
was  possible  that  their  IL  electrolytes  with  0.6  mol  kg-1  LiTFSA 
might  not  allow  the  deposition  of  lithium  ion  without  additives. 
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Fig.  5.  Time  evolution  of  the  impedance  response  of  a  symmetrical  Li/IM(2ol)l(2o2)- 
TFSA  with  0.6  mol  kg-1  LiTFSA  electrolyte/Li  cell:  (a)  from  0  to  11  h  and  (b)  from  1  to  10 
days. 
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Nevertheless,  as  shown  in  Fig.  4(a— i),  the  lithium  redox  in  these 
nine  IL  electrolytes  which  examined  by  cyclic  voltammogram  (CV) 
method  at  room  temperature  could  be  found  obviously.  Taking 
Fig.  4(a)  as  example,  in  the  first  cycle  for  the  IM112-TFSA  electrolyte, 
the  deposition  of  lithium  was  at  about  -0.19  V  vs.  Li/Li+,  and  the 
anodic  peak  at  about  0.34  V  in  the  returning  scan  related  to  the 
dissolution  of  lithium.  The  lithium  redox  in  this  electrolyte  might 
be  caused  by  the  formation  of  a  passivation  film  on  Ni  electrode 
surface.  A  small  cathodic  peak  at  about  0.36  V  which  existed  in  the 
first  cycle  might  be  assigned  to  the  electrochemical  reduction  of  the 
IL  electrolyte.  The  electrochemical  reduction  products  could  be 
assumed  to  be  the  generation  of  the  passivation  film  on  the  Ni 
electrode.  In  addition,  the  cathodic  peak  current  decreased  in  the 
rest  cycles,  so  it  could  be  understood  that  the  passivation  film 
generated  in  the  first  cycle  also  restrained  the  reduction  of  the  IL 
electrolyte. 

For  the  three  IL  electrolytes  based  on  the  trialkylimidazolium  IL 
without  ether  group  (Fig.  4(a— c)),  the  anodic  peaks  of  lithium 
decreased  with  the  cycle,  and  the  decreasing  of  peak  for  IM112- 
TFSA  and  IM114-TFSA  electrolytes  was  severe.  It  could  also  be 
found  that  the  cathodic  peaks  of  lithium  in  1M113-TFSA  and  IM114- 
TFSA  electrolytes  did  not  decrease  obviously  with  the  cycles,  while 
the  lithium  deposition  in  IM112-TFSA  electrolyte  was  restricted 
clearly.  For  the  six  ether-functionalized  trialkylimidazolium  IL 
electrolytes,  the  lithium  redox  behaviors  of  IM(2ol)21-TFSA 
(Fig.  4(f))  and  IM(2o2)21-TFSA  (Fig.  4(g))  electrolytes  were  close 
to  IM113-TFSA  electrolyte,  and  the  lithium  redox  behaviors  of 
IM(2o2)12-TFSA  (Fig.  4(e)),  IM(2ol)l(2o2)-TFSA  (Fig.  4(h))  and 
IM(2o2)l(2o2)-TFSA  (Fig.  4(i))  electrolytes  were  better  than  IM113- 
TFSA  electrolyte.  It  was  interesting  that  the  redox  peaks  of  lithium 
in  IM(2ol)12-TFSA  electrolyte  (Fig.  4(d))  did  not  change  obviously 
after  three  cycles.  In  these  nine  IL  electrolytes,  the  lithium  redox 
peaks  in  IM(2o2)l(2o2)-TFSA  electrolyte  were  almost  overlapped 


Time  /  hour 


during  the  five  cycles,  and  this  IL  electrolyte  showed  the  best 
lithium  redox  behavior.  These  results  indicated  that  structure  of 
cation  of  IL  could  affect  the  constitution  of  passivation  film  forming 
on  the  Ni  electrode,  which  would  also  affect  the  deposition  and 
dissolution  of  lithium  in  IL  electrolyte,  and  the  introducing  of  ether 
group  into  cation  of  IL  might  be  benefit  for  the  lithium  redox 
behavior. 

Furthermore,  one  cathodic  peak  in  the  range  from  0.8  V  to  1.4  V 
versus  Li/Li+  and  one  anodic  peak  in  the  range  from  0.9  V  to  1.2  V 
versus  Li/Li+  could  be  found  in  the  first  cycle  for  the  nine  IL  elec¬ 
trolytes,  which  might  be  caused  by  the  reactions  of  the  trace  water 
or  oxygen  in  IL  electrolyte  on  Ni  electrode,  and  these  peaks  dis¬ 
appeared  or  the  peak  currents  decreased  in  the  subsequent  cycles 
because  of  the  passivation  film  formed  in  the  first  cycle.  These 
peaks  provoked  by  the  trace  impurities,  could  also  be  found  in 
some  other  IL  electrolytes  CV  experimental  results  [22,65], 

3.3.  Chemical  stabilities  of  the  IL  electrolytes  against  lithium  metal 

The  chemical  stabilities  of  these  IL  electrolytes  against  lithium 
metal  and  the  interfacial  characteristics  between  the  Li  metal 
electrode  were  investigated  by  the  electrochemical  impedance 
spectra  (EIS)  using  the  Li/IL  electrolyte/Li  symmetric  cells.  Fig.  5 
illustrates  the  time  dependence  of  impedance  spectra  for  Li/ 
IM(2ol)l(2o2)-TFSA  electrolyte/Li  symmetric  cell  under  the  open 
circuit  conditions.  The  intercept  with  the  real  axis  of  the  response  at 
high  frequency  was  assigned  to  electrolyte  bulk  resistance,  and  the 
diameter  of  the  semicircle  was  related  to  the  interfacial  resistance 
(Ri)  of  the  IL  electrolyte/lithium  metal,  as  explained  in  the  literature 
[24,66].  For  the  IM(2ol  )l(2o2)-TFSA  electrolyte,  its  bulk  resistance 
was  almost  unchanged  during  the  testing  period  of  10  days.  The  Rj 
firstly  increased  and  then  fluctuated  from  0  to  11  h,  and  the  Ri  value 
retained  about  320  Q  after  one  day.  The  cathodic  limiting  potential 
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Fig.  6.  Time  dependence  of  interfacial  resistance  of  the  lithium  symmetrical 
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using  the  IL  electrolytes:  (a),  (c)  from  0  t( 


i  and  (b),  (d)  from  1  to  10  days. 
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of  IM(2ol)l(2o2)-TFSA  was  about  0.6  V  versus  Li/Li+,  so  it  was 
highly  possible  that  this  IL  electrolyte  would  continuously  react 
with  lithium  metal.  Fortunately,  the  R\  value  only  fluctuated  a  little 
from  1  day  to  10  days  and  was  stable  at  the  level  of  350  Q,  which 
could  be  seen  in  Fig.  6(d).  This  phenomenon  might  indicate  that 
when  the  IL  electrolyte  reacted  with  lithium  metal,  a  passivation 
layer  could  be  produced  in  the  meantime.  The  passivation  layer 
restrained  the  reaction  between  the  IL  electrolyte  and  lithium 
metal,  and  a  dynamic  equilibrium  state  could  be  achieved  after 
a  period  of  time. 

Like  IM(2ol)l(2o2)-TFSA  electrolyte,  the  time  dependence  of 
interfacial  resistance  (R,)  for  the  rest  eight  IL  electrolytes  appeared 
in  a  similar  manner,  as  shown  in  Fig.  6.  For  the  three  IL  electrolytes 
based  on  the  trialkylimidazolium  IL  without  ether  group,  their 
interfacial  resistance  values  were  stable  in  the  range  from  700  Q  to 
1100  Q.  For  the  ether-functionalized  IL  electrolytes,  IM(2o2)12- 
TFSA  and  IM(2o2)l(2o2)-TFSA  electrolytes  showed  a  stable  R, 
higher  than  1100  Q,  IM(2ol)21-TFSA  and  IM(2o2)21-TFSA  electro¬ 
lytes  also  had  a  stable  R;  in  the  range  of  700-1100  Q,  and  IM(2ol ) 
12-TFSA  and  IM(2ol)l(2o2)-TFSA  electrolytes  owned  stable  Rj 
lower  than  400  Q.  According  to  the  above  results,  it  could  be 
concluded  that  an  approximately  stable  state  between  these  IL 
electrolytes  and  lithium  metal  could  be  achieved  after  some  time, 
due  to  a  passivation  layer  forming  on  the  lithium  metal,  and  the 
introducing  of  ether  group  into  cation  of  IL  might  also  have  an 
impact  on  the  passivation  layer  between  IL  electrolyte  and  lithium 
metal. 

3.4.  Charge— discharge  performances  ofLi/LiFeP04  cells 

The  charge— discharge  (C— D)  characteristics  of  Li/LiFeP04  cells 
using  these  nine  trialkylimidazolium  IL  electrolytes  without  addi¬ 
tive  were  examined  at  room  temperature,  and  the  cells  were  tested 
under  the  current  rate  of  0.1  C,  as  shown  in  Fig.  7.  For  instance,  as 
seen  in  Fig.  7(a),  the  initial  discharge  capacity  of  the  IM113-TFSA 
electrolyte  was  126  mAh  g-1,  and  the  discharge  capacity 
increased  gradually  with  the  cycle  number,  which  could  be  result 
from  the  improved  wettability  of  the  IL  electrolyte  to  the  LiFeP04 
cathode  during  the  C— D  processes.  The  discharge  capacity  was 
stable  after  20  cycles,  and  stabilized  at  the  level  of  140  mAh  g  1 
till  the  50th  cycles.  The  discharge  capacities  of  M112-TFSA  and 
IM114-TFSA  electrolytes  stabilized  at  about  130  and  135  mAh  g  1 
respectively.  For  the  six  ether-functionalized  trialkylimidazolium  IL 
electrolytes  (Fig.  7(b— c)),  their  discharge  capacities  also  increased 
with  cycle  number  and  stabilized  after  some  cycles.  The  stabilized 
discharge  capacities  were  close  to  or  higher  than  140  mAh  g_1,  and 
IM(2ol)12-TFSA  electrolyte  delivered  a  highest  capacity  of 
150  mAh  g-1.  Usually,  lower  viscosity  of  IL  electrolyte  benefits  to  its 
wettability  to  electrode.  However,  it  was  easy  to  find  from  Fig.  7, 
that  the  discharge  capacities  reached  stable  after  the  different  cycle 
numbers  for  these  IL  electrolytes  and  the  electrolyte  with  lower 
viscosity  did  not  own  the  smaller  cycle  number.  For  example,  for 
IM112-TFSA,  IM113-TFSA  and  IM114-TFSA  electrolytes,  they  had  the 
similar  behavior  of  the  discharge  capacity  with  the  cycle,  though 
the  viscosities  of  the  three  IL  electrolytes  differed  obviously.  In  the 
ether-functionalized  IL  electrolytes,  the  stable  cycle  numbers  of 
IM(2o2)12-TFSA  and  IM(2o2)21-TFSA  electrolytes  were  about  10, 
and  the  numbers  of  IM(2ol)21-TFSA  and  IM(2ol)l(2o2)-TFSA 
electrolytes  were  about  5.  So,  the  wettability  of  IL  electrolyte  to 
electrode  might  be  related  with  the  structure  of  IL  besides  its 
viscosity  [67],  and  functionalization  of  cation  had  a  chance  to 
improve  the  wettability  of  IL  electrolyte. 

The  rate  properties  of  Li/LiFePC>4  cells  are  shown  in  Fig.  8.  During 
the  charge— discharge  tests,  the  cells  charge/discharge  at  0.1  C  for 
20  cycles  to  ensure  the  charge/discharge  capacities  reach  stable, 
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Fig.  7.  Cycling  performances  of  Li/LiFeP04  cells  using  the  IL  electrolytes  at  25  °C, 
charge-discharge  current  rate  is  0.1  C. 


then  the  cells  charge  at  0.1  C  and  discharge  at  different  current  rates 
for  4  cycles  each,  and  the  discharge  capacity  is  normalized  on  the 
basis  of  discharge  capacity  at  0.1  C  rate,  which  is  the  value  after 
the  cycle  performance  of  cell  reach  stability.  It  was  obvious  that  the 
discharge  capacity  decreased  with  the  increasing  discharge  rate.  In 
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Fig.  8.  Rate  properties  of  Li/LiFeP04  cells  using  the  IL  electrolytes  at  25  "C.  Charge 
current  rate  is  0.1  C,  and  discharge  current  rates  are  0.1, 0.2, 0.5, 1.0, 1.5, 2.0  C  and  2.5  C. 


the  three  IL  electrolytes  based  on  the  trialkylimidazolium  IL 
without  ether  group,  IM113-TFSA  electrolyte  delivered  slightly 
higher  discharge  capacity  with  the  increasing  discharge  current 
rate  which  might  be  attributed  to  its  lower  viscosity  and  higher 
conductivity.  However,  it  could  be  found  that  five  ether- 
functionalized  trialkylimidazolium  IL  electrolytes  owned  better 
rate  properties  than  IM113-TFSA  electrolyte,  and  the  IM(2ol) 
l(2o2)-TFSA  electrolyte  possessed  the  best  rate  properties  though 
its  viscosity  and  conductivity  showed  no  advantage  compared  to 
other  IL  electrolytes.  It  was  possible  that  the  rate  property  was  also 
affected  by  some  other  factors,  such  as  the  interfacial  characteris¬ 
tics  at  both  the  LiFeP04  cathode/electrolyte  and  lithium  metal 
anode/electrolyte  interfaces.  As  shown  in  Fig.  9,  the  discharge 
capacity  of  IM(2ol)l(2o2)-TFSA  electrolyte  at  the  current  rate  of 
1.0  C  was  about  128  mAh  g_1,  which  retained  90%  of  the  capacity  at 
the  rate  of  0.1  C,  the  capacity  at  2.5  C  rate  was  about  108  mAh  g-1, 
which  still  retained  76%  of  the  capacity  at  the  rate  of  0.1  C.  The 
results  of  rate  performance  for  the  nine  trialkylimidazolium  IL 
electrolytes  demonstrated  that  ether-functionalized  cation  could 
also  improve  the  rate  performance. 


Discharge  capacity  /  mAh  g'^ 


Fig.  9.  Charge-discharge  curves  of  Li/LiFeP04  cells  using  IM(2ol)l(2o2)-TFSA  IL 
electrolyte  at  different  rates  at  25  °C.  Charge  current  rate  is  0.1  C,  and  discharge  current 
rates  are  0.1,  0.2,  0.5, 1.0, 1.5,  2.0  C  and  2.5  C. 


4.  Conclusions 

Six  low-viscosity  ether-functionalized  ILs  based  on  tri¬ 
alkylimidazolium  cation  with  one  or  two  ether  groups  and  TFSA 
anion  were  used  as  new  electrolytes  for  lithium  battery.  Viscosity, 
conductivity,  behavior  of  lithium  redox,  chemical  stability  against 
lithium  metal,  and  charge— discharge  characteristics  of  lithium 
battery,  were  investigated  for  these  IL  electrolytes  and  compared 
with  the  IL  electrolytes  based  on  three  typical  trialkylimidazolium 
ILs  without  ether  group.  Though  the  cathodic  limiting  potentials  of 
the  ILs  were  higher  than  0  V  versus  Li/Li+,  the  lithium  plating  and 
stripping  on  Ni  electrode  could  be  observed  in  these  IL  electrolytes. 
These  IL  electrolytes  showed  good  chemical  stability  against 
lithium  metal  owning  to  the  formation  of  passivation  layer.  Intro¬ 
ducing  of  ether  group  into  trialkylimidazolium  cation  can  be 
benefit  for  lithium  redox  behavior  on  Ni  electrode,  and  affect 
passivation  layer  between  IL  electrolyte  and  lithium  metal.  Li/ 
LiFeP04  cells  using  the  ether-functionalized  IL  electrolytes  without 
additive  showed  good  battery  performance,  and  IM(2ol)l(2o2)- 
TFSA  electrolyte  had  better  rate  property. 
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